The Rossi X-ray Timing Explorer (RXTE) has demonstrated the power of observations in the time domain in the study of X-ray binaries. The dynamical variation of the X-ray emission from accreting neutron stars and stellar mass black holes is a powerful probe of their strong gravitational fields. At the same time, oscillations at the neutron star spin frequency during X-ray bursts have been used to set important constraints on the mass and radius of neutron stars. The X-ray Evolving Universe Spectroscopy mission (XEUS), the potential follow-on mission to XMM−Newton, will have a mirror aperture more than ten times larger than the effective area of the RXTE proportional counter array (RXTE/PCA). Combined with a small dedicated fast X-ray timing detector in the focal plane (XTRA: XEUS Timing for Relativistic Astrophysics), this collecting area will provide a leap in timing sensitivity of more than one order of magnitude over the RXTE/PCA for bright sources, and will open a brand new window on faint X-ray sources, owing to the negligible detector background. Furthermore, the use of advanced Silicon drift chambers will improve the energy resolution by a factor of ∼ 6 over the RXTE/PCA. The spectroscopic diagnostics of the strong field region, such as the gravitational redshift and the relativistic broadening of the Iron line, will become exploitable simultaneous with the fast timing. XTRA will provide unique opportunities, enabling for example the testing of general relativity in the strong gravity field regime and investigating with unprecedented accuracy the equation of state of matter at supranuclear density. XTRA when observing bright X-ray sources will record typically several hundred thousand counts per second and careful design will be necessary to ensure that the full potential of these data can be exploited. We describe the proposed implementation of XTRA in the XEUS focal plane using Silicon drift detectors and present the current performance of these devices.
INTRODUCTION
The X-rays generated in the inner accretion flows around black holes and neutron stars carry information about regions of strongly curved spacetime. This is a regime in which there are important predictions of general relativity still to be tested, such as the existence and radius of an innermost stable circular orbit. X-ray spectroscopy and fast timing studies can both be used to follow the orbital motion of the accreting matter in the immediate vicinity of the collapsed star, where the effects of strong gravity become important.
With the discovery of millisecond pseudo-periodic X-ray time variability from accreting black hole and neutron star X-ray binaries (quasi-periodic oscillations: QPOs), and X-ray burst oscillations in weakly magnetized accreting neutron stars, RXTE 1 has clearly demonstrated that fast X-ray timing has the potential to constrain the mass and radius of neutron stars and measure the motion of matter in strong gravity fields. 2 As pointed out by van der Klis, 3 it is now time to turn these diagnostics into true tests of general relativity. For this, a follow-up to the RXTE Proportional Counter Array (RXTE/PCA) should have a collecting area of at least ten times larger (more than 6 m 2 ) and an energy resolution at least five times better (i.e. ∼ 200 eV at the Iron line). The effective area of the XEUS mirrors, compared to the one of the RXTE/PCA. The new mission configuration (curve labeled PERXEUS) has an effective area of about 12 m 2 at 1 keV, the response is computed assuming light-weight micro-pore optics. This is to be compared with the XEUS-1 effective area in the previous mission configuration, in which XEUS was a two step mission, with the mirrors being grown from XEUS-1 to XEUS-2 using the facilities offered by the ISS. The high-energy extension (HE-CdTe) is also shown.
Two possible ways of implementing such an instrument could be considered. One is a collimated detector array, in which the collecting area is the same as the detector area. In the other the collecting area and detector area would be decoupled through the use of focussing optics. In the first case, beside proportional counters, large area thick Silicon PIN diodes could be considered, 4, 5 although it is unclear whether they could provide the hoped-for improvement in energy resolution and whether the background could be kept as low as in RXTE/PCAlike proportional counters. On the other hand, with the use of focussing optics, the immediate advantage is that the detector can be made very small with low background and good energy resolution, allowing timing and spectroscopy to be carried out simultaneously.
The requirements for a focussing optic for X-ray timing are very similar to those for the mirror array for other objectives of the XEUS mission. This paper describes the XEUS Timing for Relativistic Astrophysics (XTRA) instrument considered for the focal plane instrumentation of the XEUS mission 6, 10-12 as a way of achieving the objectives of an advanced fast timing mission.
Following the tragic loss of the Columbia shuttle, and recent breakthrough in the development of light weight optics at ESA, 13 a new mission scenario is being considered for XEUS. XEUS will not be anymore a two-phase mission using the International Space Station facilities, but instead will be a cheaper, but still ambitious, onestep mission, autonomously deployed at L2. Given the size of the Soyouz-Fregate faring, proposed to launch the mirror spacecraft, an effective area of 12 m 2 can be accommodated. This is shown in Figure 1 .
Combining this huge collecting area and broad band pass (up to ∼ 30 keV) of the XEUS mirror optics with Silicon drift chambers, XTRA will fulfill both of the two main requirements for a follow-up to the RXTE/PCA. The science case for such an instrument which was presented by van der Klis in the context of XEUS 3 will not be repeated here. Instead in this paper, we will focus on the detector implementation (see also [7] [8] [9] ).
OPERATING IN THE MEGA COUNTS PER SECOND REGIME
In order to estimate count rates, we have assumed a 12 m 2 effective area, and a timing detector made of 300 microns of Silicon lying above 2 mm of CdZnTe (see below). This produces a more or less flat detector response up to 80 keV. Accounting for interstellar absorption (for galactic sources, this suppresses most of the photons below ∼ 1 keV), the Crab would produce about 1 Mcounts/s (which is about 70 times more than in the RXTE/PCA).
These very high counting rates translate into major sensitivity improvements for the detection of aperiodic and periodic signals 8 and will open up new scientific vistas. At the same time, if crucial information about the spectral and statistical properties of the photon stream are not to be lost, they imply careful choice of technologies for the detector, for its associated electronics and for the associated data processing system. Some of these issues are discussed in the following sections
IMPLEMENTATION: SILICON DRIFT DETECTOR
Silicon Drift Detectors (SDDs) seem to provide the key to achieving the required detector capabilities for XTRA. The principle used is that of sideward depletion.
14 The idea is that a large area semiconductor wafer, e.g. of high-resistivity n-type silicon, is covered by large area p + junctions on each surface. Under reverse bias of the p + contacts with respect to a small n + ohmic contact, depletion layers expand from the p + surfaces into the n-type bulk, with the depletion depth increasing with the square root of the applied voltage. Both depletion zones propagate until, at a given voltage, they touch each other and the entire device is depleted at a voltage four times lower than that which would be needed to deplete a conventional p−n diode of the same thickness. In that condition the electron potential energy along a line perpendicular to the surface of the device has a parabolic form, with a minimum in the center plane. The SDD is derived from this principle of sideward depletion by adding an electric field parallel to the wafer surface. The direction of the field is such that electrons released within the depleted volume or by the absorption of ionizing radiation (or thermally) are forced to drift to a small n + readout contact, which acts as charge collecting anode. The SDD combines a large depleted volume for the absorption of ionizing radiation with a small value of the anode capacitance, a precondition for collection and readout of the signal electrons with minimum electronic noise contribution.
In the original SDD design the electric field parallel to the surface was achieved by segmentation of the p + regions on both surfaces with patterns of parallel strips.
14 To optimize the SDD concept for X-ray spectroscopy, the strip system on the side opposite to the n + anode 15 is replaced by a continuous p + junction. This large area p + junction is used as the radiation entrance window. As well as allowing a thin, homogeneous, window, backside illumination has a valuable self-shielding effect: the radiation sensitive components, e.g. the readout structure, are placed on the non-irradiated surface and can only be hit by hard X-rays (> 10 keV), whose intensity is reduced by the absorption of the silicon bulk. A further improvement is the use of concentric circular drift electrodes, driving signal electrons to a small n + anode in the center of the device. The potentials of the drift rings are defined by an integrated voltage divider, so only the innermost and the outermost rings need be biased externally.
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With the SDD topology and the small physical size of the collecting anodes, the detector contribution to the total readout capacitance is already minimized. An further reduction is achieved by the integration of the first transistor of the amplifying electronics in the detector chip. 17 The integrated transistor is a single-sided n − JFET [18] [19] [20] designed to operate on a fully depleted n-type bulk. It is placed in the center of the ring shaped collecting anode (Fig. 2) . The anode is connected to the floating FET gate by a narrow metal strip, so that the change of the anode voltage caused by signal electrons can be easily measured as a modulation of the transistor current. The on-chip FET has an internal, self-adapting discharging mechanism, 21 so that there is no need for an externally clocked reset pulse, and the whole system works with dc-voltages only. The integration of the first FET not only minimizes the overall capacitance making the SDD ideally suited to high-resolution, high-rate spectroscopy, but also makes it largely insensitive to electronic pickup and microphony, i.e. noise induced by mechanical vibration.
SILICON DRIFT DETECTORS: CURRENT PERFORMANCE
SDDs of the type shown in Fig. 2 have been fabricated and qualified at the semiconductor laboratory of the MaxPlanck-Institutes for physics and for extraterrestrial physics in Munich/Germany in large quantities in different shapes and sizes. Due to the advanced processing technology used in the SDD fabrication the leakage current is so low, typically 100 pA cm −2 at full depletion of the 300 m thick wafer, that the devices can be operated at room temperature or with moderate cooling by a single-stage thermoelectric cooler. The typical performance of an SDD with a sensitive area of 10 mm 2 operated at a temperature of −10 • C is shown in Fig. 3 . The energy resolution in terms of full-width-at half-maximum (FWHM) at the Mn-Kα line (5.9 keV) is 147 eV.
Because of the low output capacitance of only about 200 fF, the SDD is typically operated with pulse shaping time constants of the order of 100 nsec (Fig. 4) , whereas conventional systems with comparable spectroscopic quality require shaping times longer by about a factor of 100. This means that the SDD can be used at extremely high count rates -far beyond the capability of most other systems. Fig. 4 demonstrates the high count rate performance of an analog pulse processing system with different shaping time constants.
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With a shaping time of 70 nsec the energy resolution remains better than 260 eV (FWHM at 5.9 keV) even with 10 6 incoming photons per sec and a throughput of 4 10 5 processed counts per sec. For the very best energy resolution at lower count rates, longer shaping time constants up to 450 nsec can be used. The radiation entrance window allows the detection of soft X-rays 23, 24 ; the quantum efficiency is above 90% in the energy range from 300 eV up to 10 keV. The quantum efficiency at high energy will increase in the next generation of SDDs, which will be made from 500 m thick material. The peak/background ratio, defined as the ratio of the amplitude of the Mn-Kα line to the average background at 1 keV, is 3000.
When observing bright sources the fast timing detector on XEUS will be exposed to significant radiation doses. The limitation in the maximum acceptable dose arises from damage due to high energy photons that enter through the backside window, pass the depleted bulk without interaction, and are absorbed in the oxide covering parts of the opposite surface. The generation of charges in the oxide and interface states will cause an increased surface generated leakage current and may also damage radiation sensitive components, e.g. the readout structure or the integrated voltage divider. To verify their radiation hardness, SDDs have been irradiated with a high flux of Mn-Kα photons (17.5 keV). Photons of this energy have a maximum probability of transmission through the 300 µm thick silicon bulk and absorption in the oxide layer on the opposite surface. Standard production devices exhibit no change in energy resolution up to 10 13 absorbed photons. 25 Only at higher doses is an increase of interface-generated leakage current observed. No total failure of the device occurred. This means that an SDD could be operated under worst case conditions (a rate of 10 5 incoming photons per sec) continuously for 3 years without any radiation damage effect. The increase of the silicon bulk thickness from 300 µm to 500 µm in the next generation of SSDs will further increase the self-shielding effect and result in still better radiation hardness.
DEADTIME
For timing studies, deadtime is always a critical issue. Deadtime will include contributions from the signal rise time, the charge sensitive amplifier, and the shaping amplifier. The first two of these can be very short, and the limiting contribution is that of the amplifier, where a trade-off between speed and energy resolution is necessary. Using pipelining techniques the analog-digital conversion stage and subsequent data processing are not limiting factors with currently available devices.
Shaping amplifier time constants as short as 50 nanoseconds (ns) have been found to be usable, 26 and for XTRA, for which the energy resolution is not a driver, a shaping time constant of 100 ns could be chosen. The challenging requirement for XTRA is to achieve a stable deadtime of 1µs per event or less, that is energy independent from 1 keV to ∼ 100 keV, that does not depend on the count rate and that is well understood (less than 1% absolute deviations).
A deadtime of 1 µs per event corresponds to a 10% deadtime loss for a source producing 10 5 count s −1 . Although it is the fastest known X-ray spectroscopy detector, a single SDD and processing chain as introduced in the previous sections cannot meet the extreme system requirements of the XEUS fast timing detector. To handle 10
6 count s −1 with a reasonable deadtime, one must therefore distribute the focal beam over ∼ 10 or 
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They consist of a continuous, gapless arrangement of a number of SDDs with individual readout, but with common voltage supply, entrance window, and guard ring structure. Multichannel SDDs are used in various fast photon counting applications at synchrotron light facilities, for example, EXAFS 29 and X-ray holography, 30 and for the optical light readout of scintillator crystals in medical imaging.
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This detector will be operated out of focus to distribute the flux from a point source over the detector array. The out of focus distance requires is of the order of 15 cm for a focal length of 50 m and an outer mirror diameter of about 4 m in XEUS phase A. This could be accomplished either in the mechanical construction, or by changing the distance between the mirror and detector satellites. Although this will require a careful study, both solutions appear to be feasible within the current XEUS mission design. The requirements in terms of "real estate" on the detector spacecraft are not constraining, in particular because no complicated cooling systems will be necessary.
HIGH ENERGY DETECTOR
A high energy extension (above 10 keV) is being discussed for the mirrors. 32 Even with a 500 micron thickness, the best match of the high energy response of the mirrors will require the SDD array to be associated with a higher density detector located behind it. Among the potential high energy semi-conductor detectors, CdZnTe 33 stands today as a very promising solution. Such a detector would both ensure the overlap in energy range with the SDD array and provide a flat energy response up to ∼ 80 keV whilst having 10 µs timing resolution.
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Count rates should not exceed a few thousands counts/s in the CdZnTe detector and so are technically much 
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less demanding than those of the front detector. A similar configuration is foreseen for the wide field imager (Strüder, these proceedings).
DATA RATE
The goal for XTRA is to send to the ground time and energy information for every photon. For most sources, data compression will make this possible (within a ∼ 10 Mbits/s data rate) without compromising either time or energy resolution. For the very brightest sources, this can still be done with a restricted number of energy channels. However, within the timeframe of XEUS, on-board memory and telemetry rate are not considered as major issues.
FUTURE PLANS
To get ready for when XEUS is approved in the ESA science program, we have proposed to the French Space Agency an R&T program, aimed at characterizing the performance of the detector for XTRA and starting to work on deadtime issues and on-board data processing. This hardware program will be carried out in close collaboration with MPE/MPI, University of Tübingen, University of Warwick, and the RÖNTEC company. As shown above, SDDs are very well suited to high count rate applications. The next step is to develop front-end electronics providing a stable, accurately characterized deadtime.
CONCLUSIONS
By combining the huge aperture of the XEUS mirrors with a silicon drift detector array in the focal plane, the XEUS Timing for Relativistic Astrophysics instrument meets the two most important science requirements for a follow-up to RXTE/PCA. It will have a collecting area more than ten times larger than that of the RXTE/PCA, and a much improved energy resolution. Through fast X-ray timing and spectroscopy, XTRA will thus provide the first opportunity to test general relativity in the strong gravity field regime and constrain with unprecedented accuracy the equation of state of dense matter. R&D work on the processing electronics is being planned in a near future.
